Introduction
Warming of the Arctic permafrost has received international attention and is projected to increase with future changes in climate (Arctic Climate Impact Assessment 2004, Duarte et al 2012 , IPCC 2007 , Winton 2006 . This warming has accelerated widespread permafrost degradation throughout Alaska (Hinzman et al 2005 , Jorgenson et al 2006 , 2010 , Lawrence et al 2008 , Rowland et al 2010 . Progressive permafrost degradation may increase microbial decomposition and soil respiration, releasing greenhouse gases, such as CO 2 and methane (CH 4 ), to the atmosphere (Natali et al 2011 , Schuur and Abbott 2011 ). The transfer of vast stores of previously frozen carbon from permafrost to the atmosphere may induce positive feedbacks with global climate warming (Koven et al 2011 ; however, the magnitude and timing of carbon release are poorly constrained. To better understand this climate change impact, recent studies examine changes in soil physical properties and hydrology associated with permafrost thaw, how permafrost will thaw across a heterogeneous landscape, as well as the temperature and moisture constraints on the decomposition of previously frozen carbon (Grosse et al 2011 , Hinzman et al 2005 , Rowland et al 2010 , Schuur and Abbott 2011 .
A direct consequence of permafrost degradation is thermokarst, where thaw leads to ground subsidence, directly impacting soil and hydrologic properties (Grosse et al 2011 , Jorgenson et al 2008 , Rowland et al 2010 . Thermokarst formed by gradual thaw in regions of low relief and stable topography typically results in increased water storage, increased activity in soil carbon and nutrient pools due to active layer deepening, and changes to vegetation and landscape topography (Jorgenson and Osterkamp 2005 , Jorgenson et al 2008 . Most previous studies of soil carbon dynamics and soil CO 2 efflux in the Arctic have been small in spatial scale (<10 m 2 ) and conducted in areas of gradual thaw, where active layer thaw deepens into organic-rich substrates and changes the rates and mechanisms of carbon cycling within the ecosystem (Lee et al 2011 . These studies generally show that CH 4 and/or CO 2 production increases as the thermokarst matures.
In contrast, hillslope thermokarst formation can result in catastrophic slumping and thermal erosion, causing a multitude of cascading effects: detachment and/or erosion of the surface organic horizon, increased exposure of buried soils, increased exposure to incoming solar radiation, extensive and deep cryoturbation, increased erosion by surface overflow, and rapid fluctuations in soil moisture conditions (Gooseff et al 2009, Kokelj and Jorgenson 2013) . Changes in carbon fluxes from large, rapid thermal erosional features such as retrogressive thaw slumps have received little attention. The increasing recognition of hillslope thermokarst features throughout the Arctic (Gooseff et al 2009 , Jorgenson et al 2008 , Lacelle et al 2010 creates an explicit need to quantify soil CO 2 emissions and study its governing controls within these features.
Here we use a space-for-time substitution that we refer to as a thaw slump 'chronosequence' to examine the evolution of soil CO 2 efflux before (undisturbed tundra), during (active thaw slump), and after (stabilized, revegetated thaw slump) formation of a large retrogressive thaw slump. In 2011 and 2012, we quantify soil CO 2 efflux during peak summer conditions and examine the importance of soil moisture, temperature, and soil physical properties in governing the release of CO 2 across the chronosequence.
Setting and study design

Site setting
The Selawik slump area is located along the upper Selawik River (157 • 36 43 W, 66 • 29 54 N) in northwestern Alaska (figure 1). This area is composed of an upland tussock shrub tundra community, an active retrogressive thaw slump that initiated in 2004, and a stabilized retrogressive thaw slump revegetated by a black spruce forest that is estimated to be >500 years old.
Mean annual precipitation for this area is 256 mm yr −1 and mean annual air temperature (MAAT) is −5.67 • C, averaged from >30 years of daily measurements at Kotzebue Airport, ∼130 miles east of the study area. The soil temperature regime is gelic, based on mean annual soil temperature at 50 cm < 2 • C as approximated from the MAAT at Kotzebue Airport. The soil moisture regime, as measured in July and early August, is classified as aquic based on the poorly drained condition gleyed soil color as observed in the field (Soil Survey Staff 2010). The parent material in this area is a glacial diamict composed of poorly sorted silt, gravel and cobble overlain by 2-5 m of fine-grained loess (Lanan 2013) . Measured thaw depth in July and August varied between the different sites and extends to depths of 0.3-0.8 m. Because this field site is remote (∼108 km east of Selawik Village) and has limited access during spring, fall, and winter, our sampling was focused on summer months, when we expected to observe the highest CO 2 effluxes, due to higher temperatures and biologic activity.
Thaw slump chronosequence: a space for time substitution
We used a space for time substitution (thaw slump chronosequence) to examine changes in soil CO 2 efflux as a thaw slump evolves. The chronosequence includes three stages of feature evolution, with increasing maturity: undisturbed tundra, active slump, and stabilized slump (figure 1). Differences in vegetation between the three stages are a function of time since landform disturbance, and local environmental conditions. In this chronosequence conceptual model, the final state of the active slump will be similar in nature to the stabilized slump, due to common geomorphic and ecosystem drivers.
The tundra has not undergone any physical disturbance and represents the reference, or initial, condition. We sampled the tundra directly to the north of the Selawik slump headwall (figure 1), where the surface is relatively flat (sloping 1 • -2 • to the south). Primary vegetation consists of sedge and tussocks (Eriophorum vaginatun, and Carex spp.) with interspersed moss and lichen. Summer thaw depths ranges from 30 to 60 cm. Soil pits confirm that this soil is a Ruptic Histoturbel (Soil Survey Staff 2010), characterized by a wet, poorly decomposed, variably thick (15-20 cm) peat, that transitions to a fine-grained mineral soil with evidence of cryoturbation ( figure 2(a) ). These site characteristics (table 1) are consistent with findings from a recent regional survey (Jorgenson et al 2009) .
The active retrogressive thaw slump, initiated in 2004, is one of only a handful of known active mega-slumps globally , O e is partially decomposed organic matter, and O a is highly decomposed (humified) organic matter. A j j is cryoturbated humus-rich mineral horizon, and B g is gleyed mineral horizon comprised of loess in tundra and material similar to the active slump and stabilized slump. Note that active slump material is mixed and cryoturbated loess (gray), peat (white) and coarse diamict (black) eroded from headwall, with fine-grained silts dominating the top 15 cm. Soil profiles for average (d) soil temperature, (e) soil moisture, (f) soil organic matter and (g) bulk density in for each of the three chronosequence stages. Note that the active slump develops very high bulk density in the upper portions of the soil.
(def. by . The slump has mobilized more than 0.5 M m 3 of ice and sediment, and expands at a rate of ∼20 m yr −1 (Barnhart and Crosby 2013) . The floor of the slump is ∼50 000 m 2 (5 ha) and slopes at ∼10 • -25 • toward the south. The vertical frozen headwall measures 15-18 m tall and is composed mostly of glacial diamict overlain by ∼2-5 m of loess, with a 20 cm upper cap of organic-rich horizon and tussock community, as seen in the undisturbed tundra. The vast majority of the eroded material is diamict, and the active slump floor is largely composed of overlapping mudflows of unsorted silts and gravels. The upper 5-10 cm of the slump floor is characterized by finer-grained silts deposited through alluvial processes reworking thawed materials. The organic-rich horizon at the top of the headwall mixes into the slurry of thawed diamict following collapse (figure 2(b)). Because the organic material makes up such a small percentage of the total volume of material entering the slump, thus there is no organic horizon, the poorly drained loamy soils are classified as a Typic Aquiturbels (Jorgenson et al 2009 , Soil Survey Staff 2010 . A small portion (∼3%) of the slump floor is mantled by vegetated rafts (0.05-0.5 m 2 each), composed of intact pieces of tundra or peat that have detached from the headwall and are transported with sediment downslope. Frost probing revealed no permafrost in the upper meter of the slump floor (table 1) . The stabilized slump is directly adjacent to and west of the active slump (figure 1), and also slopes at 10 • -25 • toward the south. The stabilized slump represents a likely evolutionary trajectory for the active thaw slump. Following catastrophic slumping, the sharp edges of the stabilized feature diffused away and the surface has been recolonized by black spruce, alder (Piceamariana and Alnus spp.), and various grasses. Soils developed on the slump material have ∼10 cm of accumulated organic matter above the loamy, poorly drained and cryoturbated mineral soil with fine roots Jorgenson et al (2009) . These soils are classified as Histic Aquiturbels (figure 2(c); Soil Survey Staff 2010). Summer thaw depths range from 50-80 cm (table 1). The feature is thought to be >500 years old based on the presence of numerous generations of black spruce logs found decaying on the surface.
Methods
Meteorology
During our study, continuous air temperature and precipitation were collected in thirty minute intervals from a weather station located in undisturbed tundra ∼10 m north of the active slump headwall (figure 1). Air temperature was collected using a shielded sensor 215 cm above ground and precipitation was collected using a tipping-bucket 242 cm above ground. Data were collected from January to September in 2011, and from June to early December in 2012. Due to the close proximity of the chronosequence to the weather station, and previous studies of thaw slump microclimate (Grom and Pollard 2008) , we treat precipitation and air temperature data as consistent across three stages.
3.2. Point measurements of CO 2 efflux, soil temperature, soil moisture Twenty six sampling sites for soil CO 2 efflux, soil temperature, and soil moisture were established along our defined chronosequence (figure 1). Sites within a given stage of the chronosequence were deliberately chosen to include different types of vegetation to assess heterogeneity within each stage. In July 2011, each site was sampled ∼5 times during a six-day sampling period. In July-August 2012, each site was sampled ∼12 times over an eighteen-day sampling period. Sampling times for each collar were irregularly distributed through the day and night to account for possible temporal variability in environmental parameters.
To measure soil CO 2 efflux (defined to include CO 2 generated below ground by multiple processes, predominantly microbial and root respiration), above-ground vegetation was removed by clipping, a 10.2 cm diameter polyvinyl chloride pipe (soil collar) was driven ∼8 cm into the upper portion of the soil column, and the soil was allowed to stabilize for twenty-four hours prior to any measurements (LI-COR 2007) . Soil CO 2 efflux was measured using a LiCor-8100A analyzer (Lincoln, NE) fitted to a LiCor-8100-102 10 cm diameter survey chamber with a volume of 854.2 cm 3 . The survey chamber was placed on top of the soil collar and set to a 1.5 min measuring interval. In 2012, after measuring efflux, soil pits were dug to 60 cm depth and soils were described using standard soil survey methods (Schoenberger et al 2002) . Soil temperature was measured at depths of 3, 5, 15, 30 and 50 cm depth with a LiCor-8100-203 soil thermistor probe. Volumetric water content (VWC), hereafter referred to as soil moisture, was measured at the same depths using a Delta-T ML2x probe. Post-processing of soil CO 2 , temperature and soil moisture was conducted using the LI-8100 data file viewer (v2.0). Soil volumetric water content was adjusted for high organic content soils using the equation provided in the LI-COR manual (2007).
Physical and chemical soil properties
In 2012, soil bulk density and soil organic matter content were determined for a subset of sites along the chronosequence. After flux measurements were taken, soil samples of known volume were excised from the soil collar and pits at depths of 3, 5, 15, 30 and 50 cm, frozen and transported back to Idaho State University, where they were analyzed for soil organic matter (SOM) content and bulk density following methods described by (Schumacher 2002, Blake and Hartge 1986) , respectively. In brief, SOM was determined by loss-on-ignition by combusting 100 g of dry soil for 24 h at 500 • C and reweighing the weight loss. Bulk density was determined by drying the soil at 105 • C for 24 h to weigh the dry mass and corrected for the volume of rock fragments if present.
Statistical analysis
Repeated soil CO 2 , soil temperature and moisture measurements were averaged for each sampling location. CO 2 efflux measurements were log transformed to improve normality and homoscedasticity Other parameters such as soil moisture and soil temperature were normally distributed and thus did not require transformation. ANOVA and Tukey-Kramer HSD statistical tests for soil CO 2 efflux, soil temperature, and soil moisture were used to determine statistical differences within each stage (tundra, active, and stabilized slump) along the chronosequence. Sampling locations within each stage showed no significant differences allowing data from each stage to be pooled for both 2011 and 2012. ANOVA tests and Tukey-Kramer HSD were then conducted to determine statistical differences between parameters measured in each chronosequence stages during 2011 and 2012. Linear and multiple linear regression models were used to determine environmental controls on soil CO 2 efflux. All statistical analyses were performed in JMP 10 (Cary, NC) software.
Environmental conditions over space and time
Soil CO 2 efflux is a function of both above-and belowground environmental conditions that vary over time, as well as in response to the physical characteristics of the soil itself, and the type of vegetation living in and above it. In this section, we describe the variability in these parameters during the two years of our investigation. The implications of environmental variability, as well as variability in key soil physical characteristics on soil CO 2 efflux are discussed in a following section.
Precipitation
Both the magnitude and intensity of precipitation were higher during the 2012 campaign than in 2011. Cumulative precipitation during the 2011 sampling period ( figure 3(a) ) increased due to two small events totaling 9 mm. In contrast, the 2012 sampling period included three significant events, the first of which delivered 20 mm early in the campaign, with subsequent events in the latter half of the campaign delivering ∼5 mm each. 
Air temperature
Air temperature was generally higher during the 2011 than the 2012 sampling period ( figure 3(b) ). Average air temperature during the 2011 sampling period was ∼16 • C, and showed an overall cooling trend. In contrast, 2012 average air temperature was lower, ∼14 • C, and showed a slight warming trend in the first half of the sampling period, followed by a slight cooling trend through the latter half of the period. For both 2011 and 2012, precipitation events corresponded to a considerable reduction in the magnitude of the diel cycle in air temperature.
Soil temperature
Average daily soil temperatures at 15 cm were consistently higher in 2011, for all three chronosequence stages ( figure 3(c) ). Soil temperatures at 15 cm were significantly different ( figure 4(a) ) between the three chronosequence stages for both 2011 and 2012 (2011 F 2,21 = 64.07, p < 0.0001; 2012 F 2,25 = 78.4, p = 0.0001). Post-hoc Tukey tests showed no significant differences between soil temperatures in the tundra and the stabilized slump features, however, active slump soil temperatures were significantly elevated by comparison (3-4 times higher in both 2011 and 2012 ( p < 0.05)). We attribute higher active slump temperatures to the higher thermal conductivity and lower albedo of the dark, bare mineral soil in the active slump. The dense vegetation on the tundra and stabilized slump insulate the soil and shade it from solar radiation, dampening drastic changes in soil temperature. The tundra and stabilized slump also have shallower thaw depths, maintaining permafrost closer to the surface and, thus, lower soil temperatures. Temporal variations in soil temperatures at 15 cm show cooling in response to precipitation events in 2011 and 2012 ( figure 3(c) ). In 2012, average soil temperatures within each chronosequence stage decreased with and the profiles remained distinct from one another across the range of depths measured ( figure 2(d) ).
Soil moisture content
Average daily soil moisture at 15 cm depth were temporally more variable than soil temperatures, with generally higher soil moistures observed in 2012 than 2011 ( figure 3(d) ). In both years, soil moisture increased significantly following periods of precipitation. Average soil moisture at 15 cm differed significantly among chronosequence stages (figure 4(b)) with the tundra having higher soil moisture than the other two environments (2011 F 2,21 = 7.52, p < 0.0039; 2012 F 2,25 = 5.08, p = 0.015). Post-hoc Tukey tests revealed no significant differences between the active and the stabilized slump whereas soil moisture in tundra was significantly elevated relative to the other two stages ( p < 0.05). Soil moisture was largely constant through the soil profiles when sampled in 2012 (figure 2(e)), decreasing slightly in the upper 5 cm of the tundra and stabilized slump.
We attribute the differences between the tundra and the active or stabilized slumps to differences in topographic setting. The tundra consists mostly of mosses, lichen and tussock communities on a slightly sloping surface, increasing water residence times. In contrast, both the active and stabilized slumps are located on steeper surfaces, dipping 10 • -25 • toward the Selawik River, which should drain faster, reducing soil moisture. Alternatively, differences in soil organic matter and bulk density affect soil water holding capacity and could influence moisture contents across the three stages.
Soil properties
At depths below ∼20 cm, the soil organic matter (SOM) is low in all stages of the chronosequence ( figure 2(f) ). But, the upper portions of the soil profiles vary significantly, with values remaining <5% in the active slump, increasing upwards to 20-90% in the tundra, and increasing more consistently in the stabilized slump to values of 85-95% (figure 2(f); table 1). Elevated SOM contents in the upper portions of tundra and stabilized slump soils mark the transition to the cryoturbated soil A horizons, in each case reflecting accumulation of litter and the presence of active vegetation. As noted previously, the active slump dilutes the contribution from the 20 cm upper organic-rich horizon by mixing it with ∼15 m of loess and diamict. Despite the infrequent presence of vegetated rafts of organic-rich soils on the slump floor, their contribution does not appreciably enrich the materials on the active slump floor with SOM. Bulk density profiles in the chronosequence soils were similar below ∼15 cm (∼0.6 g cm −3 ), and diverged sig- nificantly in the upper 10 cm, with soils in the tundra and stabilized slump tending towards lower values of bulk density and soils in the active slump tending towards much higher values (figure 2(g)). Bulk densities at 8 cm depth are 0.6-0.8 g cm −3 in the tundra, 0.1-0.3 g cm −3 in the stabilized slump, and 1.3-2.2 g cm −3 in the active slump (table 1) . The predominance of SOM in the upper portions of tundra and stabilized slump soils explains their lower bulk densities. Increased bulk density in the upper active slump profiles results when thawed sediment is remobilized and flows away from the headwall as a thick, viscous slurry, capping the slump floor with silts and clays.
Vegetation
Differing types of vegetation cover are present in the chronosequence stages. The active slump has no vegetation cover, the tundra is composed of mostly tussocks, sage, mosses and lichen, and the stabilized slump consists of black spruce, alder and various grasses. Studies of root respiration in Arctic ecosystems have estimated that up to 56% of soil CO 2 efflux in black spruce forests and up to 30% in tundra ecosystems which can be attributed to fine root respiration (Raich and Schlesinger 1992, Ruess et al 2003) . We therefore expect that the soil CO 2 effluxes in these chronosequence stages are influenced to a different degree by root respiration. In the unvegetated active slump root respiration is negligible. For both 2011 and 2012, the type and extent of vegetation did not change within the three environments and therefore influences of vegetation are consistent between study years.
CO 2 efflux over space and time
Average peak growing season soil CO 2 efflux in the different chronosequence stages and field seasons are summarized in figure 4 and table 2, along with average soil temperature and soil moisture values. Soil CO 2 effluxes were significantly different among the chronosequence stages (figure 4(c)) and differed between years (2011, F 3,22 = 12.69 p < 0.0001, 2012 F 3,25 = 27.48, p < 0.0001). In 2011, soil CO 2 efflux from the tundra and stabilized slump were similar and fluxes from the active slump were significantly lower ( p < 0.05). Conversely, in 2012, the soil CO 2 effluxes from all stages were significantly different from each other, with the highest effluxes from the stabilized slump and lowest from the active slump. Measurements of soil CO 2 efflux were scaled up to estimate the total amounts of carbon lost to the atmosphere per day during peak growing season (table 2) . Numerous studies have determined the average carbon released from the tundra as CO 2 during the growing season at more northerly locations (Giblin et al 1991 , Poole and Miller 1982 , Raich and Schlesinger 1992 . Our observed effluxes are 1.5-2 times higher, potentially due to the dampening effect of cooler temperatures their the more northerly field areas. Average carbon released from CO 2 in the active slump during peak summer in 2011 was 1.75 ± 0.15 g CO 2 -Cm −2 d −1 (table 2) . In 2012, the amount was half as large (0.86 ± 0.24 g CO 2 -C m −2 d −1 ). These values fall within the lower range of soil CO 2 efflux measured along a gradient of minimally-to extensively-thawed, fullyvegetated, low gradient and gradually-thawed thermokarst sites in central Alaska (Lee et al 2010 (table 2) . Unlike our system, these sites did not experience thermal erosion, but maintained their soil structure as the frost table deepened, allowing for more carbon to become functionally available. Compared to our site, albedo changes along the gradual thaw gradient were insignificant. The values that we observed for soil CO 2 efflux in the active slump were similar to the minimal-thaw sites reported in these studies. Average soil carbon released from the stabilized slump was 5.14 ± 0.27 g CO 2 -C m −2 d −1 during peak summer 2011, and 3.24 ± 0.13 g CO 2 -C m −2 d −1 during 2012. These measurements fall within in the higher range of soil CO 2 efflux measurements reported for Alaskan black spruce forests (Raich and Schlesinger 1992 , Schlentner and van Cleve 1985 , Vogel et al 2008 (table 2) . But, we note that values reported in other studies averaged measurements over the full year, while values in this study are calculated only for the peak growing season, which would tend to be larger than annual averages.
5.1. Controls affecting CO 2 efflux 5.1.1. Soil temperature and moisture. Relationships between soil temperature or moisture and soil CO 2 efflux are examined in figure 5 . We see that soil moisture exerts a slightly stronger control on soil CO 2 efflux in 2011, but, in 2012, soil temperature appears to be slightly more important. We suggest that, during the warmer and drier 2011season, our system was water-limited, and therefore soil moisture exerted a stronger control on soil CO 2 efflux. In 2012, due to the increased precipitation, the system was no longer water limited and soil temperature exerted stronger control on soil CO 2 efflux.
The weak correlations between soil temperature or moisture and soil CO 2 efflux in the Selawik chronosequence is likely due, in part, to limited environmental variation during our sampling campaign. If we had been able to collect data in the shoulder seasons, we believe that we would have observed higher correlations between soil temperature and moisture with soil CO 2 efflux. Also, although we measured soil CO 2 efflux intermittently during both day and night, we did not use automated chambers to collect efflux and soil conditions at regular, high frequency intervals. Because measurements were made at irregular times over multiple days, when environmental conditions were also changing, we have less explanatory power. For example, one measurement might have been made on a warm, dry night and another on a cool, dry night.
In general, our results show that soil CO 2 efflux increased with increasing soil temperature, and decreased with increasing soil moisture, as similarly reported for Arctic soils (Michaelson and Ping 2003, Oberbauer et al 2007) . Yet, these correlations are unexpectedly weak (R 2 all less than 0.27), even if most the signs of the correlations between variables were consistent with the observations of other workers (Huemmrich et al 2010 , Michaelson and Ping 2003 , Natali et al 2011 , Oberbauer et al 2007 , Peterson and Billings 1975 . Giblin et al (1991) . b Poole and Miller (1982) . c Raich and Schlesinger (1992) . d Lee et al (2010) . e Schuur et al (2009) . f Raich and Schlesinger (1992) . g Schlentner and van Cleve (1985) . h Vogel et al (2008) .
5.1.2. Soil properties. In contrast to the weak correlations with soil moisture and temperature, soil CO 2 efflux correlates strongly with soil properties, such as a strong inverse correlation between bulk density (R 2 = 0.50) ( figure 6(a) ). Within the chronosequence, the tundra and stabilized slump have the lowest bulk densities and highest average soil CO 2 effluxes (tables 1 and 2), whereas the active slump has the highest bulk densities and lowest soil CO 2 effluxes (figure 6(a)). Indeed, soil bulk density values in the active slump approached typical particle density values of ∼2.2 g cm −3 . These findings suggest that higher bulk densities may provide a diffusion limitation in the active slump, possibly inhibiting gas from exchanging with the surface (Davidson and Trumbore 1995) .
We found a strong positive correlation between soil organic matter and soil CO 2 efflux (R 2 = 0.51) ( figure 6(b) ). The tundra and stabilized slump had the highest SOM and highest soil CO 2 efflux, while the active slump had the lowest soil SOM content and the lowest soil CO 2 efflux. This suggests an organic substrate contributing to CO 2 production and efflux. Though our measurements of soil CO 2 efflux do not distinguish between root respiration and microbial respiration, we expect that rates of root respiration and SOM would present similar correlations with soil CO 2 efflux. The lack of vegetation on the active slump floor should play a significant role in reducing the CO 2 efflux relative to the tundra or stabilized slump, which contain extensive networks of fine roots. Our results suggest that soil physical and chemical properties, such as bulk density and SOM, more strongly influence soil CO 2 efflux than environmental factors such as soil temperature and moisture. Previous studies suggest that the primary control on CO 2 efflux is % SOM (Alexander 1989, Michaelson and Ping 2003) . Although we cannot differentiate whether SOM or bulk density is more influential in controlling CO 2 efflux in our study area (because of the strong inverse correlation between SOM and bulk density (figure 6(c))), these observations suggest fruitful avenues for future thaw slump studies.
Implications and conclusions
In a warming Arctic, the prevalence of thaw slumps and, in particular, very large, rapidly evolving features such as the Selawik thaw slump, are predicted to increase in frequency (Gooseff et al 2009 , Lacelle et al 2010 , Rowland et al 2010 . This study contributes to our knowledge of how these retrogressive thaw slumps evolve over time and give rise to changes in soil physical and chemical properties that either limit or enhance soil CO 2 efflux. While previous studies have shown strong correlations between soil CO 2 efflux and soil temperature or moisture, the present study suggests that physical and chemical soil properties, such as bulk density and SOM content, may also be important controls on soil CO 2 efflux.
Findings from this study indicate that quantifying the initial quantity of organic substrate, used as a proxy for carbon availability, as well as the material's diffusivity will likely be of great importance to understanding soil CO 2 efflux in these rapidly changing environments. The Arctic is composed of a heterogeneous landscape where substrate soil organic matter ranges from 1-3%, as seen at the active Selawik slump, to >78%, as seen in yedoma soils of northern Alaska and Siberia (Kanevskiy et al 2011) . Future studies will need to assess seasonal fluxes across these features and determine controls governing soil CO 2 efflux in thermal erosion features developed in materials with higher organic content.
Our research also suggests that geomorphic controls governing the initiation and development of thaw slumps influence overall soil CO 2 efflux. Hillslope thermokarst features such as retrogressive thaw slumps may cause compaction, mixing and erosion of soils, decreasing soil organic content, and increasing soil bulk density. Thus, despite very rapid warming of the permafrost during formation of large thermal erosion features, and the potential for rapid release of permafrost carbon to the atmosphere, soil structural changes, in fact, appear to reduce soil CO 2 emissions due to diffusivity limitations and erosion of organic-rich soil horizons, and merit further study.
